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Alzheimer’s disease (AD) is a neurodegenerative pa-
thology characterized by the presence of senile
plaques and neurofibrillary tangles, accompanied
by synaptic and neuronal loss. The major compo-
nent of senile plaques is an amyloid 8 protein (Af3)
formed by pathological processing of the A pre-
cursor protein. We assessed the time-course and
regional effects of a single intracerebroventricular
injection of aggregated AB fragment 25-35 (A, 55)
in rats. Using a combined biochemical, behavioral,
and morphological approach, we analyzed the pep-
tide effects after 1, 2, and 3 weeks in the hippocam-
pus, cortex, amygdala, and hypothalamus. The
scrambled A, ;5 peptide was used as negative con-
trol. The aggregated forms of Af3 peptides were first
characterized using electron microscopy, infrared
spectroscopy, and Congo Red staining. Intracere-
broventricular injection of A, ;5 decreased body
weight, induced short- and long-term memory im-
pairments, increased endocrine stress, cerebral ox-
idative and cellular stress, neuroinflammation, and
neuroprotective reactions, and modified endoge-
nous amyloid processing, with specific time-course
and regional responses. Moreover, Af,; s, the
presence of which was shown in the different brain
structures and over 3 weeks, provoked a rapid glial
activation, acetylcholine homeostasis perturbation,
and hippocampal morphological alterations. In
conclusion, the acute intracerebroventricular
AB,5_ 55 injection induced substantial central modi-
fications in rats, highly reminiscent of the human

physiopathology, that could contribute to physio-
logical and cognitive deficits observed in AD. (4mJ
Patbhol 2011, 179:315-334; DOI: 10.1016/j.ajpath.2011.03.021)

Alzheimer’s disease (AD) is a chronic neurodegenera-
tive pathology characterized by the presence of senile
plagues and neurofibrillary tangles, accompanied by
synaptic and neuronal loss in brain areas responsible
for learning and memory impairments.’ The major com-
ponent of senile plagues is an amyloid B protein (AB)
derived from amyloid precursor protein (APP). Genetic,
cell biological, and postmortem studies on AD brain,
together with AB neurotoxicity findings, gave rise to the
amyloid cascade hypothesis to explain AB-associated
neurodegenerative processes.? In normal healthy indi-
viduals, AB peptides are present only in small quanti-
ties, as soluble monomers that circulate in cerebrospi-
nal fluid and blood. In AD patients, AB peptides, which
vary in length from 40 to 43 amino acids, accumulate
as insoluble fibrillar deposits.®

When cultured rat hippocampal neurons are ex-
posed to aggregated AB peptides, their neurites adopt
a dystrophic appearance and become comparable to
those observed surrounding and infiltrating senile
plagques. This observation suggested that AB is re-
sponsible for the neuritic abnormalities in AD pathol-
ogy.* Structure-activity studies revealed that peptides
containing the highly hydrophobic 25-35 region
formed stable aggregates and mediated neuronal
death by necrosis or apoptosis.®>®’ The truncated
AB.s_35 fragment includes extracellular and intramem-
brane residues that have been reported to represent
an active region of Ag.®
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In vivo, two nontransgenic rodent models of AD have
been studied to analyze the molecular, morphological,
and behavioral consequences of amyloid toxicity: the
infusion of APy 404> protein and the injection of
preaggregated AB.s.s5 peptide. These models have
led to highly pertinent pathomimetic observations and
provide complementary approaches to the numerous
transgenic mouse lines developed as AD models. In
particular, at 1 week after AB.s.55 injection, reactive
gliosis was observed in the rat hippocampus,®
caspase-3 activity was induced in the hippocampus
and cortex,® a reduction in the number of neurons was
measured in the CA1 or CA3 hippocampal area,® '’
and significant oxidative stress was observed.'' '3

Nonetheless, this amyloid toxicity model remains
controversial with respect to AD. The grounds for ob-
jection center on three points. First, although the pres-
ence of AB,s.35 has been repeatedly demonstrated in
brains of AD patients,’*® this fragment appears to be
a minor peptide in plaques and its contribution to the
toxicity induced by all amyloid-related species remains
unclear. Second, the intracerebroventricular injection
of AB,s.3s induces marked toxicity within days or
weeks, which is not in accord with the long-term pro-
gression of AD in humans (an argument that is unre-
lated to the nature of the toxicity). Third, it is possible
that peptide injection mimics only the amyloid toxicity
observed in AD physiopathology, but not the pro-
cesses involved in AB formation or Tau protein hyper-
phosphorylation. Klementiev et al'® recently docu-
mented some evidence that contradicts this latter
reservation. Moreover, very recently, Chavant et al'”
reported that, at 2 weeks after injection, AB,s_55 Signif-
icantly increased APP processing in the hippocampus
of mice.

To realize the potential of such a nontransgenic
model for the physiopathological processes occurring
in AD, the extent and time course of the toxicity in-
duced after amyloid peptide injection and the differen-
tial vulnerability of brain structures need to be estab-
lished. We therefore analyzed the consequences of
intracerebroventricular injection of aggregated AB.s_a5
in terms of time-course changes and in different brain
structures through several morphological, hormonal,
biochemical, and behavioral parameters, as well as
addressing the modifications in central APP process-
ing, brain-derived neurotrophic factor (BDNF) levels,
cerebral inflammation, and hippocampus vulnerability.
We also evaluated over time the distribution within
brain structures of the injected AB.s_55 fragment.

Materials and Methods

Animals

Adult male Sprague-Dawley rats (Depré, Saint-Doul-
chard, France) aged 6 to 7 weeks and weighing 260 to
280 g at the beginning of the experiments were housed
under standard laboratory conditions (12 hours/12
hours light/dark cycle with lights on at 7:00 AM; 21 =
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Figure 1. A: Amino acid sequence of AB,_,. Shading indicates the AB,s 35
sequence; the intramembrane domain is indicated by a dashed box. B: Electron
microscopy of scrambled AB,s 55, AB; 4, and AB,s 55 peptides before and after in
vitro incubation at 37°C for 4 days. AB,_, and AB,5 35 formed an extensive network
of fibrils after 4 days at 37°C, but scrambled peptide did not; the image at the far right
presents a higher-magnification view for the AB,s 35 after incubation. Original mag-
nification, X100,000 (100K; scale bar = 50 nm) or X120,000 (120K; scale bar = 60
nm). C: Fourier-transformed IR spectra of A, ;, and AB,5 35 peptides preaggregated
in vitro at 37°C for 4 days. The spectrum of AB,s 35 aggregates revealed two
additional bands at 1619 and 1650 cm™*, compared with the spectrum of AB; i,
aggregates. D: Congo Red staining of AB,s 35 peptide preaggregated in vitroat 37°C
for 4 days. The Congo Red-stained sample was viewed under polarized light. The
green birefringence was observed in preaggregated AB,s 35 samples.

1°C; food and water ad libitum). The animals were
treated in accordance with the European Community
Council Directive 86/609 on the protection of animals
used for experimental and other scientific purposes. All
experiments were performed on conscious rats be-
tween 9:00 AM and 2:00 PM (ie, during the diurnal
trough of the circadian rhythm). Animals were weighed
daily.

Amyloid B Peptide

Amyloid B fragment 25-35 (AB,s.35) (Figure 1A) and
scrambled AB.s.3s peptides (NeoMPS, Strasbourg,
France) were dissolved in sterile bidistilled water at 1
rg/ul concentration (soluble form) and were stored at
—20°C. The scrambled AB,s.35 and AB.s 35 Peptides
were aggregated by in vitro incubation at 37°C for 4
days."® The human AB,_,, protein, which was synthe-



sized at the Keck Foundation at Yale University, was
generously provided by Dr. Einar Sigurdsson.'®

Electron Microscopy

The ability of the scrambled AB.s.ss, ABi4., and
AB.s_35 peptides to form fibrils after 4 days incubation
at 37°C was assessed by electron microscopy. The
peptide solutions were placed on a copper Formvar
carbon-coated grid (Oxford Instruments, Abingdon,
UK). After 2 minutes adsorption at room temperature,
samples were counterstained with 2% uranyl acetate
(Sigma-Aldrich, Saint-Quentin Fallavier, France) and
then examined under a JEOL-1200EX2 transmission
electron microscope (JEOL, Tokyo, Japan).

Fourier-Transformed IR Spectroscopy

Infrared spectra were obtained with a Vertex-70 Fourier-
transformed IR spectrometer (Bruker, Ettlingen, Ger-
many). The spectra (200 scan accumulation) were coad-
ded after registration at a spectral resolution of 2 cm™"
and analyzed using Bruker OPUS 6.5 software. For com-
parison of B-amyloid aggregated peptides (AB4_,» and
ABss.35), samples that had been incubated for 4 days
at 37°C were deposited onto a CaF, plate and the
solvent was allowed to evaporate overnight at room
temperature.?®

Congo Red Staining

Congo Red staining was used to determine whether AB
had a cross B-pleated sheet structure in AB (a typical
feature of amyloid fibrils). Congo Red does not bind to
dimers or trimers, but only to higher-order aggregates
(the so-called protofibrils and amyloid-like fibrils). The
complex of Congo Red and Ap fibrils is seen as a
green birefringence under polarized light. After 4 days
of incubation at 37°C, the sample was put onto the
bioadhesive hydrophobic printed slide and allowed to
dry at room temperature (2 hours). Congo Red staining
was obtained using a commercial kit in accordance
with the manufacturer’s protocol (Sigma-Aldrich). The
slides were viewed under polarized light using a mi-
croscope equipped with polarizing filter (Leica DMR,
Nanterre, France).

Experimental Procedures

Animals were divided into three groups. One group
was left undisturbed (control rats), a second group
received an injection of an incubated scrambled pep-
tide (10 ug/rat i.c.v.), and a third group received an
injection of aggregated AB,sgs peptide (10 ug/rat
i.c.v.).?2’ For the intracerebroventricular injection
through a Hamilton syringe (VWR International, Fon-
tenay-sous-Bois, France), the animals were anesthe-
tized with an intramuscular injection of 0.2 mL of a
mixture of ketamine hydrochloride (80 mg/kg body
weight) and xylazine (10 mg/kg body weight). They
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were then injected stereotactically directly into the lat-
eral ventricles at the following coordinates: AP, —1
mm; L, =1.5 mm; and DV, —3.5 mm.?2

General Locomotor Activity and Body
Temperature Variations

On the day of the intracerebroventricular injection and
during the same anesthetic session, a single telemetric
transmitter (PhysioTel; Data Sciences International—
DSlI, St. Paul, MN) was implanted intraperitoneally. The
corresponding receiver (RA1010; DSI) was fixed under
the animal’s cage and was connected via a BMC100
consolidation matrix (DSl) to a Dataquest Il comput-
erized data analyzer (DSI). The animals were then
recorded during the 3 weeks after peptide injection
and the telemetric data were analyzed. This system
allows measurement of continuous general locomotor
activity and body temperature variations, as described
previously.?®

Spatial Short-Term Memory

The delayed alternation of rats was assessed in the
T-maze test.?* The T-maze consisted of two short arms
(A and B), extending from a longer alley and enclosed
with high walls. The test involved two trials separated
by 1 hour. During the training session, one short arm
(B) was closed. Rats were placed at the end of the long
alley, allowed to visit the maze for 10 minutes and then
returned into their home cage. During the test session,
animals were placed in the maze for 2 minutes, with
free access to both arms. The number of visits and time
spent in each arm were measured. The results were
expressed as the ratio of the time spent in the initially
closed novel arm to the time spent in the familiar arm,
and as the ratio of the number of entries into the novel
arm to the number of entries into the familiar arm.

Spatial Long-Term Memory

Place learning was tested in a water maze.?’ The maze
was a circular pool (diameter 150 cm, height 40 cm)
divided into four quadrants. The water temperature
(25 = 2°C), light intensity, external cues in the room,
and water opacity were rigorously reproduced. A trans-
parent acrylic glass platform (diameter 10 cm) was
immersed 2 cm under the water surface at the center of
one quadrant (the training quadrant). Training con-
sisted of three swims per day for 5 days. Each rat was
allowed a 90-second swim to find the platform and was
left on the platform for 30 seconds. The median latency
was determined during each training sessions. A
probe test was performed 4 hours after the last training
session. The platform was removed and each rat was
allowed a free 60-second swim. The percentage of
time spent in the training quadrant was determined.



318 Zussy et al
AJP July 2011, Vol. 179, No. 1

Endocrine Stress

Blood samples were collected after the rats were sac-
rificed by decapitation, as described previously.?® A
radioimmunoassay kit (Biotrak; GE Healthcare, Little
Chalfont, UK) was used to assay plasma corticoste-
rone in a 50-uL plasma sample diluted (1:5) with the
assay buffer. The intra- and interassay coefficients of
variation were 5% and 7%, respectively. The assay
sensitivity was 0.6 ng/mL.

Oxidative Stress

Quantification of lipid peroxidation in tissue extracts was
based on Fe(lll) Xylenol Orange complex formation ac-
cording to the Hermes-Lima method,?® as described pre-
viously."?

Cellular Stress

Glial fibrillary acidic protein, caspase-9, caspase-12,
and caspase-3 were used as measures of cellular
stress.

Rats were sacrificed by decapitation and structures
of interest were weighed, immediately frozen in liquid
nitrogen, and stored at —20°C. Tissues were sonicated
with a VibraCell ultrasonic processor (Sonics & Mate-
rials, Newtown, CT) in 2% SDS. To detect glial fibrillary
acidic protein (GFAP), homogenates of pro- and
cleaved caspase-9, pro- and cleaved caspase-12, and
pro-caspase-3 were then boiled for 5 minutes and cen-
trifuged for 30 minutes at 14,000 X g. To detect
cleaved caspase-3, tissues were homogenized using a
specific lysis buffer (Triton X100 1%; Tris-HCI pH 7.5,
20 mmol/L; NaCl 150 mmol/L; EDTA 10 mmol/L;
NagVO, 100 umol/L), as described previously.?” Su-
pernatants were collected and the protein concentra-
tion was measured using a Pierce BCA protein assay
kit (Thermo Fisher Scientific, Brebieres, France) and 20
to 40 ug from each sample was taken for Western blot
analysis, depending on the structure and the antigen
involved. Samples were boiled for 5 minutes, sepa-
rated in SDS polyacrylamide gel (12%), and trans-
ferred to a Whatman nitrocellulose membrane (GE
Healthcare). The membrane was incubated overnight
(4°C) with either a mouse anti-GFAP (1:1000; Sigma-
Aldrich), a rabbit anti-procaspase-3 or a rabbit mono-
clonal anti-caspase-3 cleaved form (1:1000 and 1:200,
respectively; Cell Signaling Technology; Ozyme, Saint
Quentin en Yvelines, France), a rabbit anti-caspase-9
(pro- and cleaved forms; 1:1000; Cell Signaling Tech-
nology), a rat anti-caspase-12 (pro- and cleaved
forms; 1:5000; Sigma-Aldrich), or a mouse anti-B-tubu-
lin (1:5000; Sigma-Aldrich). The membrane was then
rinsed and incubated for 2 hours with the appropriate
horseradish peroxidase-conjugated secondary anti-
bodies (Sigma-Aldrich). Peroxidase activity was re-
vealed by using enhanced-chemiluminescence (ECL;
Millipore, Saint Quentin en Yvelines, France) reagents.
The intensity of peroxidase activity was quantified us-
ing ImagedJ software version 1.44 (NIH, Bethesda, MD).

The B-tubulin was taken as loading control for all im-
munoblotting experiments.

APP Processing

To determine the effect of AB,s 5 intracerebroventricular
injection on APP processing, 60 ng from each sample
was taken for Western blot analysis according to the
procedures detailed above. The primary antibody used
to detect APP (125 kDa) and C99 fragment (13 kDa) was
a rabbit anti-amyloid precursor protein (PA1-84165;
1:750; Thermo Fisher Scientific).

BDNF Content

Rats were sacrificed by decapitation and structures of
interest were weighed, immediately frozen in liquid ni-
trogen, and stored at —20°C until assayed. BDNF con-
tent was measured with a conventional enzyme-linked
immunosorbent assay (BDNF-Emax immunoassay sys-
tem; Promega, Madison, WI; Charbonnieres-les-Bains,
France), as described previously.?®> The assay sensi-
tivity was 15 pg/tube. The BDNF concentration was
expressed as pg/g wet weight. The intra- and interas-
say coefficients of variation were 3% and 6%, respec-
tively.

Histology

For histological analyses, we used cresyl violet staining
and immunolabeling with GFAP, ionized calcium bind-
ing adaptor molecule 1 (Iba-1), poly-sialic acid neural
cell adhesion molecule (PSA-NCAM), and vesicular
acetylcholine transporter (VAChHT).

Animals were anesthetized using an intramuscular
injection of ketamine/xylazine solution and were per-
fused intracardially with 50 mL of NaCl 0.9% followed
by 100 mL phosphate buffer 0.2 mol/L containing 4%
paraformaldehyde. Brains were removed and post-
fixed in the same fixative for 48 hours (4°C) and then in
a sucrose solution (30%) for 3 days. Thereafter, the
tissues were included in a block of optimal cutting
temperature compound (Tissue-Tek; Sakura Finetek,
Torrance, CA) and quickly frozen in acetone chilled on
dry ice. Frozen brains were mounted on a cryostat
(Leica) and serially cut into 10-um coronal sections.
For histology, sections were stained with 0.2% cresyl
violet reagent, dehydrated, and mounted. Four sec-
tions were studied from each brain, taken from the
anterior hippocampus level (=3.0 to —4.0 from the
bregma),?® with intervals of 250 um. Sections were
selected on a subjective random basis. Numbers of
neurons in the different hippocampal fields were
counted as described previously.®'%'3 Counting was
performed using a light microscope (Leica DMR). Dig-
itized images were acquired using a 40X objective and
were analyzed with Imaged software. Neuron densities
on slices (number of neurons in optical field expressed
as the number of cells per square millimeter) were
calculated as the arithmetic mean number of neurons
in the two hemispheres and, for each animal, as the



arithmetic mean of results obtained for each of the four
slices.

Analyses of glial (GFAP) and acetylcholine (VAChT)
markers were conducted according to a diaminoben-
zidine immunohistochemistry (IHC) approach; analy-
ses of microglial (Iba-1) and neurogenesis (PSA-
NCAM) markers were conducted according to a
fluorescent IHC approach.?® Sections were incubated
overnight at room temperature with a mouse anti-GFAP
(1:1000, Sigma-Aldrich), a rabbit anti-lba-1 (1:500;
Wako Pure Chemical Industries, Osaka, Japan), a rab-
bit anti-VAChHT (1:500; Sigma-Aldrich), or a rabbit anti-
PSA-NCAM antibody (1:200; AbCys, Paris, France).
Sections were then incubated for 2 hours with the ap-
propriate biotinylated (anti-GFAP and anti-VAChT) or
fluorescent (Alexa Fluor 488; anti-lba-1 and anti-PSA-
NCAM) secondary antibodies (Sigma-Aldrich or Molec-
ular Probes, Leiden, The Netherlands). Biotinylated
sections were incubated for 1 hour in avidin-biotin
complex (ABC kit; Vector Laboratories, Burlingame,
CA). The signal was detected with a diaminobenzidine
kit (Vector Laboratories) according to the manufactur-
er’s instructions, and the nuclei of fluorescent sections
were counterstained with DAPI (Molecular Probes). Im-
munostaining specificity was determined by incubating
control sections with the secondary antiserum alone.

AB.s.55 Distribution

To analyze the distribution within brain structures of the
injected AB.s.55 fragment, we used a peptide tagged
with a fluorescent dye: AB,s.55 HiLyte Fluor 488 (AB.s.
as-HLF; AnaSpec/Eurogentec, Angers, France). The
ability of AB,s.35-HLF to form amyloid fibrils after 4
days of incubation at 37°C was assessed by electron
microscopy and Congo Red staining, as described
previously. At different times (1, 3, and 12 hours; 1 and
3 days; and 1, 2, and 3 weeks) after the intracerebro-
ventricular AB,s.35-HLF injection, the animals were
anesthetized and perfused and their brains were re-
moved and postfixed, as described previously. Coro-
nal sections (30 um) were prepared with a vibrating-
blade microtome (Leica). Before being mounted,
sections were counterstained with DAPI to visualize
nuclei.

Statistical Analysis

Data are expressed as means = SEM. Comparisons
were performed using one-way or two-way analysis of
variance, followed by a Fisher's multiple comparison
test or using a Mann-Whitney nonparametric test. P <
0.05 was considered significant.

Results

Molecular Properties of ABos.s5

No aggregate of negatively stained scrambled or
AB4_4- Peptides was observed in electron micrographs
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immediately after suspension (Figure 1B). In contrast,
dense and heterogeneous aggregates were detected
in AB.s.35 Solution. The morphology of AB aggregates
changed after incubation. Over the entire microscope
grid, AB,_4» aggregation exhibited long, straight fibrils.
Some fibrils were associated together. For AB,s_ 35 ag-
gregates, higher-order structures composed of large
bundles and sharp fibrils of various length and order
dominated.

Secondary aggregated peptide structures were an-
alyzed using Fourier-transformed IR spectroscopy
(Figure 1C). In both spectra, strong amide | bands
were characterized by two peaks centered at 1632 and
1672 cm™ ', typical of the antiparallel B-sheet structure
of amyloid fibrils.?® The AB,s a5 sSpectrum revealed two
additional features. The contribution of the band at
1619 cm™', which is characteristic of intermolecular
B-sheet structures and/or aggregated strands,®° re-
flected the propensity of AB,s.55 to form bundles (Fig-
ure 1B). The weak band at approximately 1650 cm ™"
could be assigned to non-B-sheet structures.®’

Using Congo Red staining, green birefringent mate-
rial was observed in preaggregated AB.s.35 peptide
samples under polarized light, indicative of the pres-
ence of amyloid-like structures (Figure 1D). This mate-
rial was absent in preaggregated scrambled AB,s 55
peptide (data not shown).

Regional Distribution of Injected AB,s.35

Because previous studies did not examine the regional
distribution of AB,s 535 peptide after intracerebroven-
tricular injection, we first addressed this point using a
HiLyte Fluor 488-tagged peptide (ABss.a5-HLF). After
having verified the ability of AB,s_35-HLF to form amy-
loid fibrils after 4 days of incubation at 37°C by electron
microscopy (Figure 2A) and Congophilic staining (Fig-
ure 2B), the localization of the peptide was evaluated in
the brain at 1, 3, and 12 hours, 1 and 3 days, and 1, 2,
and 3 weeks after intracerebroventricular injection. The
observations are presented in Figure 2 and summa-
rized in Table 1. Control rat sections were treated and
examined under the same conditions as injected rat
sections and displayed no specific labeling. ABos_55-
HLF was present over time at the injection site (Figure
2, C-G). At this site, AB,s.g5-HLF accumulated and was
progressively trapped by local cells (Figure 2, F
and G).

AB.s.a5-HLF was found at each of the time points
analyzed in the different brain ventricles (Table 1). This
was particularly evident in the lateral ventricle (Figure
2H) and the third ventricles, at the dorsal and ventral
parts (Figure 2, | and J). AB,s.55-HLF was also found in
the fourth ventricle, at the level of the brainstem (Figure
2K), but only during the first 24 hours after injection
(Table 1). More discretely and only from 1 day after
injection, AB.s.55-HLF was found in ventricle bordering
the hippocampus alveus (Table 1). In ventricles, AB,s.
a3s-HLF was first trapped by ependymal cells bordering
ventricles (Figure 2, O and P) before it gradually pen-
etrated the surrounding structures (Figure 2, L-X).
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3 weeks

At all time points analyzed, AB,s.35-HLF was also
found in the walls of blood vessels, in almost the entire
brain (Table 1 and Figure 2, C, F-I, L, Q, R, and V). In
addition, AB,s.35-HLF was particularly localized in all
structures of interest: the frontal cortex (Table 1), the
amygdala (Figure 2R), the hippocampus (only from 3
days) (Figure 2, L, O, P, T, and U), and the hypothal-
amus (Figure 2, N and V-Y), but also the basal nuclei
of Meynert (Figure 2Q) and the septum (Figure 2, M
and S). AB,s.g5-HLF exhibited a diffusion gradient over
time from the ventricles or blood vessels to the brain
cells (neuronal and glial cells). In addition to ependy-
mal cells, AB,s_35-HLF was found in neurons (Figure 2,
M and T-V) and in glial cells (Figure 2S), particularly in
the hypothalamic median eminence (Figure 2, N, V,
and YY), but also in nerve fibers at the level of the corpus

Figure 2. A: Electron microscopy of AB,s 35-HLF
peptide after i vitro incubation at 37°C for 4 days.
AP,s 35-HLF formed an extensive network of fibrils
after 4 days at 37°C. Scale bar = 120 nm. B: Congo
Red staining of AB,s5-HLF peptide preaggregated
in vitro at 37°C for 4 days. Green birefringence was
observed in preaggregated AB,s 55-HLF. G-Y: Local-
ization within brain structures of AB,s 3s-HLF, deter-
mined at 1, 3, and 12 hours, 1 and 3 days, and 1, 2,
and 3 weeks after intracerebroventricular injection.
APB,s 35-HLF was visualized in green; the nucleus was
counterstained with DAPI (blue). alv, alveus of the
hippocampus; Arc, arcuate hypothalamic nucleus; B,
basal nucleus of Meynert; bv, blood vessel; CA1, field
CA1 of hippocampus; CA3, field CA3 of the hip-
pocampus; cc, corpus callosum; Ce, central amygdala
nucleus; cl 10, cerebellar lobule 10; Cx, cerebral cor-
tex; D3V, dorsal third ventricle; DG, dentate gyrus; ec,
external capsule; fi, fimbria of the hippocampus; LSD,
lateral septal nucleus—dorsal part; LSI, lateral septal
nucleus—intermediate part; LV, lateral ventricle; MEE,
median eminence—external part; MEL median emi-
nence—internal part; MHb, medial habenular nucleus;
MVe, medial vestibular nucleus; np, needle path; ox,
optic chiasma; PeVN, periventricular hypothalamic
nucleus; PVN, paraventricular hypothalamic nucleus;
PVP, paraventricular thalamic nucleus—posterior part;
vhe, ventral hippocampal commissure; 3V, third ven-
tricle; 4V, fourth ventricle. Arrowheads indicate
blood vessels. Scale bars = 100 pm.

MEE

3 weeks

callosum (Figure 2E) and the hippocampal commis-
sure and fimbria (Figure 2, O and P).

In all structures of interest, AB,s_g5-HLF was found in
blood vessels, ependymal cells, neurons, and/or glial
cells from the first hours after the intracerebroventricular
injection, except in the hippocampus, where AB.g_55-HLF
was found only from 3 days (Table 1).

Body Weight and Physiological Rhythms

Intracerebroventricular injection of AB,s_55 Significantly
decreased the body weight of animals. Two-way anal-
ysis of variance revealed significant effects of treat-
ment, time, and their interaction. At 5 days after pep-
tide injection, however, the treated rats showed a



Table 1. Brain Localization of Preaggregated Af,s ;s-HLF
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ABos_a5-HLF labeling

1 3 12 1 3 1 2 3
Localization Photo* hour hours hours day days week  weeks weeks
Needle path and injection site  C-G + + + + + + + +
Ventricles
Lateral ventricle H M, O-P, S + + + + + + + +
Third ventricle (3V) I, N, V=Y + + + + + + + +
Dorsal 3V (D3V) J, LU + + + + + + + +
Fourth ventricle (4V) K + + + + — - — _
Ventricle bordering alv - - - + + + + +
Brain structures
Hippocampus LPT U - - - bv/+ bv/+ bv/+ bv/+
Fimbria H, P - - - - + + + +
Septum M, S + + + + + + + +
Hypothalamus I, N, V=Y bv/+ bv/+ bv/+ bv/+ bv/+ bv/+ bv/+ bv/+
Median eminence N, V, Y + + + + + + + +
Basal nucleus of Meynert Q bv bv bv bv bv bv bv bv
Amygdala R bv bv bv bv bv bv bv bv
Frontal cortex bv bv bv bv bv bv bv bv
Brainstem/cerebellum K + + + + — — _ _
Cells
Glial cell S - - — + + + + T
Neuron M, T, U + + + + + + + +
Ependymocyte H-N, S, V-Y + + + + + + + +

*Photos are presented in Figure 2, C-Y.

ABos.as-HLF, ABys_as HiLyte Fluor 488; alv, alveus of the hippocampus;

—, absence; +, presence.

weight gain similar to that of control and scrambled
peptide-treated animals (Figure 3A).

General locomotor activity and body temperature
rhythms were continuously recorded using telemetric
transmitters and revealed normal circadian differences
but not among groups (see Supplemental Figure S1 at
http.//ajp.amjpathol.org). The three-way repeated-mea-
sures analysis of variance for general locomotor
activity and body temperature data revealed signifi-
cant differences. To simplify interpretation, we calcu-
lated the significance for each week independently,
using a two-way repeated-measures analysis of vari-
ance. This analysis revealed a significant difference
between night and day values, but no difference in-
duced by AB,s 55 injection; for example, for general
locomotor activity at week 1, F; 5,6 = 0.76 (P > 0.05)
for treatment, F,3.,6 = 12.89 (P < 0.0001) for time,
and Fy3,,6 = 0.87 (P > 0.05) for the interaction;
and for body temperature at week 3, Fj ./
0.07 (P > 0.05) for treatment, Fy5.,7,6 = 60.66 (P <
0.0001) for time, and Fy5 57,6 = 1.05 (P > 0.05) for the
interaction.

Learning and Memory Capacities

Spatial short-term memory was examined using de-
layed alternation in a T-maze. Analysis of variance for
ratios of time spent and of number of visits in the novel
arm versus the familiar one revealed significant effects,
because AB.s_gs-injected rats exhibited deficits, com-
pared with control and scrambled peptide-injected
rats, at each time point measured (Figure 3B).

bv, blood vessels and surrounding area; bv/+, blood vessel and brain structure;

The spatial reference memory was analyzed using a
water-maze procedure. When rats started training at 1,
2, or 3 weeks after peptide injection, acquisition pro-
files decreased with training (Figure 3C). Two-way re-
peated-measures analysis of variance showed an ef-
fect of training trials for each week and an effect of
treatment for weeks 1 and 3. Animals tested at 3 weeks
after AB,s_55 injection showed significant increases in
latencies during trials 2 to 5, compared with scrambled
peptide-treated or control rats, indicating a significant
alteration of acquisition performance (Figure 3C).
Probe test analysis (Figure 3C) revealed that AB,s 55-
treated rats at weeks 2 and 3 showed no preferential
presence in the training quadrant.

Endocrine Stress

Intracerebroventricular injection of AB.s.35 pProgressively
increased plasma corticosterone concentration after 1, 2,
and 3 weeks, compared with control and scrambled pep-
tide-injected rats (Figure 3D).

Oxidative Stress

In the frontal cortex, amygdala, and hippocampus,
AB,s_35 intracerebroventricular injection induced a sig-
nificant increase in lipid peroxidation levels after 1
week, which was more pronounced in the hippocam-
pus (+54% versus control group value) than in the
frontal cortex or amygdala (+33% or +25%, respec-
tively). At 2 and 3 weeks after AB,s.35 injection, a
progressive decrease in lipid peroxidation levels was
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Figure 3. A: Time-course effects of AB,s 55 injection (10 pg/rat i.c.v.) on body weight. The injection of the scrambled AB,5 55 peptide (10 wg/rat i.c.v.)
served as negative control. Results are expressed as means * SEM (n = 5 per group). Two-way repeated-measures analysis of variance: F, 35 = 4.19
(P < 0.05) for treatment; F; 35 = 203.9 (P < 0.0001) for time; and Fg4 34 = 7.58 (P < 0.0001) for the interaction. *P < 0.05, **P < 0.01 versus control value
at the same time; 'P < 0.05 versus scrambled group value at the same time. B: Time-course effects of AB,s_s5 injection (10 pg/rat i.c.v.) on the ability of
rats to perform a spatial short-term memory task (T-maze). During training, only arm A was available for exploration. During retention, performed with
an intertrial time interval of 10 minutes, both arms were available. Results show the time spent and number of visits, in terms of arm B/arm A ratios. The
injection of scrambled AB,s 55 peptide (10 pg/rat i.c.v.) served as negative control. Results are expressed as means * SEM. One-way analysis of variance:
Fgs2 = 3.00 (P < 0.01) for time; Fy g, = 3.04 (P < 0.01) for number of visits. *P < 0.05, **P < 0.01 versus noninjected rats [control group (O); TP < 0.05,
TP < 0.01 versus respective scrambled peptide-treated rats. The number of animals per group is indicated on data bars. C: Time-course effects of AB,5 55
intracerebroventricular injection on rat behavior in a spatial long-term memory test (water maze). Animals were subjected to three swims per day for 5 days
(90 seconds duration with an intertrial time interval of 20 minutes) to find the platform. The injection of scrambled AB,5 35 peptide (10 pg/rat i.c.v.) served as negative
control. Results are expressed as means * SEM. Two-way repeated-measures analysis of variance: at week 1, F, 55, = 10.2 (P < 0.0001) for treatment, F, 55, =
133 (P < 0.0001D) for trials, and Fg 50 = 1.85 (P> 0.05) for the interaction; at week 2, F, ,q5 = 2.44 (P > 0.05) for treatment, F g5 = 123 (P < 0.0001) for trials,
and Fg,es = 0.73 (P > 0.05) for the interaction; and at week 3, F,,55 = 20.8 (P < 0.000D) for treatment, F;,55 = 125 (P < 0.0001) for trials, and
Fy 268 = 2.37 (P < 0.05) for the interaction. *P < 0.05, **P < 0.01 versus control noninjected rats; TP < 0.05, TP < 0.01 versus respective scrambled peptide treated
rats. The probe test was performed 4 hours after the last training trial in a single swim (60 seconds duration) without platform. The presence in the training
quadrant was analyzed versus the chance level (25%). P < 0.05, P < 0.01; ns, nonsignificant. The number of animals per group is indicated within the probe
test data bars. D: Variations in plasma corticosterone (CORT) levels determined in rats at 1, 2, and 3 weeks after injection of AB,5 35 scrambled peptide (10 pg/rat
i.c.v., negative control) or AB,s 35 (10 pg/rat i.c.v.). The values are expressed as means = SEM. One-way analysis of variance: F o5 = 22.36 (P < 0.0001). *P <
0.01 versus control noninjected rats [control group (CO)]; 7P < 0.01 versus respective scrambled peptide-treated rats. The number of animals per group is indicated
on data bars.
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Figure 4. Variations in lipid peroxidation levels in the frontal cortex, amygdala,
hippocampus, and hypothalamus determined in rats at 1, 2, and 3 weeks after
injection of scrambled AB,s 55 peptide (10 ug/rat i.c.v., negative control) or AB,s 35
(10 ug/rat i.c.v.). Results are expressed as means = SEM. One-way analysis of
variance: frontal cortex, Fq 3, = 8.37 (P < 0.000D); amygdala, Fs 5 = 8.17 (P <
0.0001); hippocampus, Fy 5o = 24.42 (P < 0.0001); and hypothalamus, Fg, 5, = 16.08
(P < 0.000D). *P < 0.05, *P < 0.01 versus control noninjected rats [control group
(O], TP < 0.05, P < 0.01 versus respective scrambled peptide treated rats. The
number of animals per group is indicated on data bars.

observed in the frontal cortex and amygdala (—44%
and —32%, respectively), whereas in the hippocam-
pus, after a return to basal value at 2 weeks, lipid
peroxidation levels again increased significantly at 3
weeks (+23% versus control group value). In the hy-
pothalamus, oxidative stress seemed to be differen-
tially regulated. After an initial and significant decrease
in peroxidized lipid levels 1 week after AB,s_55 injection
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Figure 5. Variations in BDNF content in the frontal cortex, amygdala, hippocam-
pus, and hypothalamus determined in rats at 1, 2, and 3 weeks after injection of
scrambled AB,s 55 peptide (10 pg/rat i.c.v., negative control) or ABs 35 (10 ug/rat
i.c.v.). Results are expressed as means * SEM. One-way analysis of variance: frontal
cortex, Fy 5, = 9.05 (P < 0.0001); amygdala, Fs 54 = 8.58 (P < 0.0001); hippocam-
pus, Fg 55 = 8.03 (P < 0.0001); and hypothalamus, Fg 5, = 8.65 (P < 0.000D. *P <
0.05, P < 0.01 versus control noninjected rats [control group (O)); /P < 0.05, TP <
0.01 versus respective scrambled peptide treated rats. The number of animals per
group is indicated on data bars.
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Figure 6. Variations in pro- and activated caspase-9 levels in the frontal cortex,
amygdala, hippocampus, and hypothalamus determined in rats by Western blotting
at 1, 2, and 3 weeks after injection of scrambled AB,s 35 peptide (10 pg/rat i.c.v.,
negative control) or AB,s 35 (10 pg/rat i.c.v.). Pro-caspase-9 (50 kDa) and activated
caspase-9 (38 kDa) variations were normalized with those of B-tubulin (B-tub; 55
kDa) and were compared with noninjected rats [control group (O)l. Results are
expressed as means = SEM. One-way analysis of variance: frontal cortex, Fs-, =
9.51 (P < 0.000D) for pro-caspase-9 and Fs5; = 8.12 (P < 0.000D) for cleaved
caspase-9; amygdala, Fs -, = 7.06 (P < 0.0001) and Fg 5, = 17.08 (P < 0.0001) for
the two caspase-9 forms, respectively; hippocampus, Fg 5, = 4.30 (7 < 0.001) and
Fg70 = 3.56 (P < 0.01) for the two forms, respectively; and hypothalamus, Fs 5, =
0.99 (P> 0.05) and Fs 5, = 2.09 (P> 0.05) for the two forms. *P < 0.01 versus
control noninjected rats [control group (O)f; 77 < 0.05, T2 < 0.01 versus respective
scrambled peptide treated rats. The number of animals per group for both caspase
forms is indicated on white data bars.
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(—55%), a progressive increase was observed, reach-
ing +23% at 3 weeks after injection (Figure 4).

Neuroprotective Reaction

At 1 week after AB,s 35 injection, BDNF content was
significantly increased in the frontal cortex (+33%) and
amygdala (+39%), before a progressive reduction to
44% in the frontal cortex and 32% in the amygdala at 3
weeks. In the hippocampus and hypothalamus, a sig-
nificant increase in BDNF content was observed 1
week after AB,s_55 injection (+20% and +28%, respec-
tively), which was augmented after 3 weeks (+49%
and +43%, respectively) (Figure 5).

Mitochondrial Stress

We assessed the level of mitochondrial stress using
Western blotting to measure levels of pro- and acti-
vated caspase-9 in the cerebral structures of interest
(Figure 6). Scrambled peptide injection did not affect
pro- and cleaved caspase-9 levels, and no change
was observed in the hypothalamus after AB,5 55 injec-
tion. In the frontal cortex and hippocampus, the pep-
tide induced an increase in activated caspase-9 after 1
week (+36% and +56%, respectively). After 3 weeks,
increases in pro- and cleaved caspase-9 levels were
measured (frontal cortex, +77% and +99%; hip-
pocampus, +26% and +49%), respectively. In the
amygdala, no significant increase in pro- and cleaved
caspase-9 was observed before week 3 (+44% and
+77%, respectively) (Figure 6).

Endoplasmic Reticulum Stress

To characterize endoplasmic reticulum stress, we
measured pro- and cleaved caspase-12 levels by
Western blotting (Figure 7). Scrambled peptide injec-
tion did not affect pro- and cleaved caspase-12 levels.
By contrast, in the frontal cortex and amygdala, AB.s_35
injection induced an increase in pro- and cleaved
caspase-12 after 1 week (frontal cortex, +159% and
+122%; amygdala, +83% and +36%, respectively),
which was globally sustained after 3 weeks. By con-
trast, in the hippocampus, pro- and cleaved
caspase-12 levels were significantly increased at 2
and 3 weeks after AB,s_ 55 injection (+150% and +58%
at week 2; +58% and +73% at week 3, respectively),
and no variation was observed in the hypothalamus
(Figure 7).

Apoptosis

To characterize apoptosis, we measured pro- and
cleaved caspase-3 levels by Western blotting. The
scrambled peptide injection did not affect levels of pro-
and cleaved caspase-3. The effects of AB,s.55 injection
on cleaved caspase-3 were limited to the amygdala, hip-
pocampus, and hypothalamus; no effect was observed in
the frontal cortex (Figure 8). In the frontal cortex and
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Figure 7. Variations in pro- and activated caspase-12 levels in the frontal cortex,
amygdala, hippocampus, and hypothalamus determined in rats by Western blotting
at 1, 2, and 3 weeks after injection of scrambled AB,5 55 peptide (10 pg/rat i.c.v.,
negative control) or AB,s 35 (10 pg/rat i.c.v.). Pro-caspase-12 (50 kDa) and activated
caspase-12 (25 kDa) variations were normalized with those of B-tubulin (B-tub, 55
kDa) and were compared with untreated rats [control group (C)]. Results are ex-
pressed as means + SEM. One-way analysis of variance: frontal cortex, Fs -, = 1293
(P<0.000D) for pro-caspase-12 and Fg 5, = 14.85 (P < 0.000D) for cleaved caspase-
12; amygdala, F¢-, = 4.84 (P < 0.001) and F-,; = 6.58 (P < 0.000D) for the two
caspase-12 forms, respectively; hippocampus, Fs-4 = 10.42 (P < 0.000D) and
Fg74 = 3.56 (P < 0.0D for the two forms, respectively; and hypothalamus,
Fs73 = 1.92 (P> 0.05) and Fs 55 = 1.80 (P> 0.05) for the two forms. **P <
0.01 versus control noninjected rats [control group (O); TP<0.05 TP<0.01
versus respective scrambled peptide treated rats. The number of animals per
group for both caspase forms is indicated on white data bars.
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Figure 8. Variations in pro- and activated caspase-3 levels in the frontal cortex,
amygdala, hippocampus, and hypothalamus determined in rats by Western blotting
at 1, 2, and 3 weeks after injection of scrambled AB,s 35 peptide (10 pg/rat i.c.v.,
negative control) or AB,s 35 (10 pg/rat i.c.v.). Pro-caspase-3 (35 kDa) and activated
caspase-3 (19 kDa) variations were normalized with those of B-tubulin (B-tub, 55
kDa) and were compared with untreated rats [control group (C)l. Results are ex-
pressed as means + SEM. One-way analysis of variance: frontal cortex, Fs5, = 15.9
(P < 0.0001) for pro-caspase-3 and Fy o, = 1.06 (P> 0.05) for cleaved-caspase-3;
amygdala, Fg -, = 14.0 (P < 0.0001) and Fg 53 = 7.42 (P < 0.000D) for the two
caspase-3 forms, respectively; hippocampus, Fy 55 = 9.91 (P < 0.000D) and Fg 5, =
8.01 (P < 0.000D) for the two forms, respectively; and hypothalamus, Fs -, = 8.74
(P < 0.000D) and Fg 5o = 6.22 (2 < 0.000D) for the two forms. *P < 0.05, *P < 0.01
versus control noninjected rats [control group (O TP < 0.05, TP < 0.01 versus
respective scrambled peptide treated rats. The number of animals per group is
indicated on data bars.
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hippocampus, AB,s_ss injection provoked a sustained in-
crease in pro-caspase-3 levels over the 3-week experi-
mental period, with respective increases of 54% and
107% at week 1, 98% and 56% at week 2, and 85% and
42% at week 3. In the amygdala, a significant increase in
pro-caspase-3 levels was observed, beginning after 2
weeks (+103% at week 2 and +66% at week 3), whereas
in the hypothalamus, pro-caspase-3 levels were signifi-
cantly increased only during the first 2 weeks after
AB.s.55 injection (+33% at week 1 and +67% at week 2)
(Figure 8). Cleaved caspase-3 levels were significantly
increased only at weeks 1 and 3 in the amygdala (+34%
and +35%, respectively), but only at week 2 in the hip-
pocampus (+17%). By contrast, in the hypothalamus,
cleaved caspase-3 levels were significantly decreased at
2 and 3 weeks after AB,s g5 injection (—36% and —29%,
respectively) (Figure 8).

APP Processing

To determine whether the AB.5 55 injection affected
APP processing, we measured APP and C99 levels by
Western blotting (Figure 9). The scrambled peptide
injection did not affect levels of either APP or C99. By
contrast, AB,s.35 injection provoked a sustained in-
crease in APP levels from week 2 in the frontal cortex
(+62% at week 2 and +32% at week 3) (Figure 9) and
over the 3-week experimental period in the hippocam-
pus (+49% at week 1, +29% at week 2, and +28% at
week 3). In the amygdala, a significant decrease in
APP levels was observed after 1 and 2 weeks (—32% at
week 1 and —55% at week 2), whereas after 3 weeks
the APP levels were significantly increased (+30%). In
the hypothalamus, APP levels were significantly in-
creased after the first week after AB,s 55 injection
(+78%), but were significantly decreased thereafter
(—42% at week 2 and —69% at week 3) (Figure 9). In
the frontal cortex and hippocampus, AB,s 55 injection
provoked a sustained increase in C99 levels over the
first 2 weeks (+22% and +41% at week 1; +30% and
+21% at week 2). However, although in the frontal
cortex C99 levels were again increased after 3 weeks
(+23%), in the hippocampus a significant decrease of
C99 levels was observed (—61%). In the amygdala,
C99 levels were significantly decreased during the first
2 weeks after AB,s 55 injection (—33% at week 1 and
—35% at week 2), but after 3 weeks were increased
(+23% versus control group value). In the hypothala-
mus, no variation of C99 levels was observed at 1 and
2 weeks after AB.s.g5 injection, but after 3 weeks the
C99 levels were significantly decreased (—70%) (Fig-
ure 9).

Neuroinflammation

The intracerebroventricular injection of AB.s 55 signifi-
cantly modified astroglial activity (as indicated by
GFAP level) over the study period in all structures of
interest, compared with control and scrambled peptide
intracerebroventricularly injected rats (Figure 10A). At
3 weeks after AB,s_ 55 injection, GFAP levels reached
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Figure 9. Variations in APP and C99 levels in the frontal cortex, amygdala, hip-
pocampus, and hypothalamus determined in rats by Western blotting at 1, 2, and 3
weeks after injection of scrambled AB,5 5 peptide (10 ug/rat i.c.v., negative control)
or ABysss (10 pg/rat icv). APP (125 kDa) and C99 (13 kDa) variations were
normalized with those of B-tubulin (B-tub, 55 kDa) and compared with noninjected
rats [control group (O)]. Results are expressed as means = SEM. One-way analysis of
variance: frontal cortex, Fg o = 12.3 (P < 0.0001) for APP and F-, = 9.72 (P <
0.0001) for C99; amygdala, Fy 5, = 16.9 (P < 0.0001) for APP and Fy o = 13.9 (P <
0.0001) for C99; hippocampus, Fs -, = 8.21 (£ < 0.001) for APP and Fy 4, = 16.1
(P < 0.000D) for C99; and hypothalamus, Fs-, = 37.3 (P < 0.0001) for APP and
Fs-5 = 15.0 (P < 0.0001) for C99. *P < 0.05, **P < 0.01 versus control noninjected
rats [control group (O)]; TP < 0.05, TP < 0.01 versus respective scrambled peptide-
treated rats. The number of animals per group is indicated on data bars.

58% in the cortex and 73% in the amygdala. In the
hippocampus, a marked increase (+42%) in astroglial
activity was observed after 1 week, followed by a pro-
gressive decrease in GFAP levels (—26% at week 3). In
the hypothalamus, after an initial increase (+41% at
week 1), a ricochet increase was observed 3 weeks
after AB,s_as injection (+27%) (Figure 10A).

By using GFAP immunoreactivity, which is indicative
of astrogliosis, a more qualitative examination could be
performed. Indeed, GFAP immunolabeling was ob-
served throughout the frontal and parietal cortex,
amygdala, hippocampus, and hypothalamic nuclei in
AB,s_gs intracerebroventricularly injected rats (Figure
10B), whereas no modifications were observed after
the scrambled peptide intracerebroventricular injec-
tion (data not shown). Strongly labeled astrocytes with
the typical morphology of their activated state were
differentially observed, depending on the time point
and brain region of interest. Astrogliosis was more
pronounced in the frontal cortex during week 3,
whereas an increase in activated astrocytes was noted
in the parietal cortex at 1 and 2 weeks after intracere-
broventricular injection of AB,5_55. In the amygdala and
hypothalamic nuclei, astrogliosis increased from week
1to week 3 after AB,5_gs injection. In the hippocampus,
GFAP immunoreactivity was increased in areas adja-
cent to the pyramidal neuron layers, with the most
pronounced astrogliosis occurring from week 1 to
week 3 in the CA2 subfield, where relative astrocytes
had infiltrated the pyramidal layers. In CA1 and CAGS,
astrogliosis was maximal at 1 week after AB,s_55 injec-
tion (Figure 10B).

Iba-1 immunoreactivity indicative of microgliosis was
observed throughout the frontal cortex, hippocampus,
parietal cortex, amygdala, and hypothalamus of AB.s.
ss-injected rats (Figure 11, A-E). No modification was
observed after injection of scrambled peptide (data not
shown). Strongly labeled microglial cells with the typi-
cal morphology of their activated form were differen-
tially observed, depending on the time point and brain
region. Progressive hypertrophy and hyper-ramifica-
tion of microglia was observed 1 week after ABos a5
injection, followed by progressive recruitment of new
activated microglial cells from 2 weeks. This phenom-
enon was more pronounced in the frontal and parietal
cortex and amygdala (Figure 11, A, C, and D) than in
the hippocampus and hypothalamus (Figure 11, B
and E).

Cholinergic System

Within the basal forebrain of control rats, large num-
bers of VAChT-positive cell bodies were seen in the
nucleus basalis of Meynert (Figure 12A). In the hypo-
thalamus, a very dense plexus of VAChT-immunoreac-
tive fibers were present in the external layer of the
median eminence and weakly VAChT-positive cell bod-
ies were noted in the arcuate nucleus (Figure 12B). A
dense network of VAChT-positive nerve fibers was
seen in the parietal cortex, with the highest density
found in layers |, IV, and V (Figure 12C). In hippocam-
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pal formation (Figure 12D), the highest density of
VAChT-positive fibers was seen in the pyramidal cell
layer of the CAS3 subfield, whereas in the dentate gyrus
(DG) the highest density was observed around granu-
lar cell layers. No modification was observed after
scrambled peptide injection (data not shown). By con-
trast, AB.s.g5 injection induced a progressive decrease
in VAChT immunolabeling, which was more pro-
nounced at 3 weeks after injection in the nucleus basa-
lis (Figure 12A), parietal cortex (Figure 12C), and hip-
pocampus (Figure 12D). No effect was induced by
ABos 55 in the hypothalamus (Figure 12B).

Hippocampus Integrity

Loss of pyramidal cells in the hippocampus layers was
measured using cresyl violet staining (Figure 13, A and
B). No significant modification was observed after
scrambled peptide injection. By contrast, AB,s_as iN-
duced a significant decrease in stained cells in the

induced no modifications in the GFAP signal. CAn,
hippocampal subfields; Ce, central amygdaloid nucle-
us; PeVN, periventricular nucleus; PVN, paraventricular
nucleus; 3v: third ventricle. Arrowheads indicate the
hippocampus layer of granular cells. Scale bars = 100

m.

CA1, CA2, CA3, and DG hippocampus subfields from
week 1 1o week 3. This decrease was more marked in
the CA1 and CA2 subfields (—30% in CA1 at week 1
and —37% in CA2 at week 2) (Figure 13B).

PSA-NCAM-positive cells indicative of neurogenesis
were revealed within the DG (Figure 13C). A progres-
sive decline in PSA-NCAM labeling was observed after
AB,s_gs injection, whereas no modification was ob-
served after scrambled peptide injection.

Discussion

In the present study, we thoroughly analyzed the time-
dependent and regional pathophysiological effects of
AB,s.a35 injection in rats. First, we showed that ABos a5
peptide formed a B-sheet structure and amyloid-like
fibrils. This short fragment has been identified in AD
patient brains and is likely produced endogenously by
enzymatic cleavage of ABy_,o.'°%? Indeed, findings
from the IHC study of Kubo et al'® support the idea that
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Figure 11. Time-course effects of AB,s 35 (10 ug/rat) intracerebroventricular
injection on the microglial reaction using Iba-1 immunolabeling in the frontal
cortex (A), hippocampus CA1, CA3, and DG subfields (B), parietal cortex (C),
amygdala (D), and hypothalamus paraventricular nucleus (E) determined in
untreated rats [control group (O)] and at 1, 2, and 3 weeks after AB,5 55 injection.
The injection of the AB,s 35 scrambled peptide (10 ug/rat i.c.v.) served as
negative control and induced no modifications of the Iba-1 signal. Activated
microglia were visualized with Alexa Fluor 488-labeled specific antibody against
Iba-1 (green); the nucleus was counterstained with DAPI (blue). In A, asterisks
indicate matching locations in corresponding images presented at both lower
and higher magnification. CA#n, hippocampal subfields; Ce, central amygdaloid
nucleus; DG, dentate gyrus; m, magnocellular; p, parvocellular; PVN, paraven-
tricular hypothalamic nucleus; 3v, third ventricle. Scale bars = 100 wm.
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Figure 12. Time-course effects of AB,5 35 (10 pg/rat) intracerebroventricular
injection on VAChT immunolabeling within the nucleus basalis of Meynert
(A), mediobasal hypothalamus (B), parietal cortex with levels I to V cortical
layers indicated (C), and hippocampus (D) were determined in control
untreated rats and at 1, 2, and 3 weeks after AB,5_ 35 injection. In A, asterisks
indicate matching locations in corresponding images presented at both lower
and higher magnification. In D, brackets locate the hippocampus granular
cell layers. Arc, arcuate nucleus; cc, corpus callosum; ME, median eminence;
3v, third ventricle. Scale bars = 100 wm.

ABi.40 In senile plagues is truncated by brain pro-
teases during aging to generate toxic ABss_ss/40. 1heir
use of two kinds of anti-AB,s/6_35/40 @ntibodies dem-
onstrated clearly that the fragments were present both
in the core of senile plaques and extracellular neurofi-
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Figure 13. A: Time-course effects of AB,s 35 injection (10 ug/rat i.c.v.) on hip-
pocampus pyramidal cell numbers. Representative microphotographs of coronal
sections of cresyl violet-stained hippocampus CA1, CA2, CA3, and DG subfields,
obtained in control untreated rats and after A, 35 intracerebroventricular injection.
Scale bar = 100 wm. B: Average numbers of hippocampus pyramidal cells deter-
mined in untreated rats [control group (O and at 1, 2, and 3 weeks after the injection
of scrambled A5 55 peptide (10 pg/rati.c.v., negative control) or AB,s 35 (10 pg/rat
i.c.v.). Results are expressed as means * SEM (12 = 4 per group). One-way analysis
of variance: CA1, Fg,, = 39.6 (P < 0.0001); CA2, Fs,; = 29.1 (P < 0.0001); CA3,
Fg2 = 11.8 (P < 0.0001); and DG, Fg,, = 840 (P < 0.001). *P < 0.05, *P < 0.01
versus control rats; TP < 0.05, TP < 0.01 versus scrambled peptide treated rats. C:
Effects of AB,5 55 (10 ug/rat) intracerebroventricular injection on hippocampus DG
neurogenesis using PSA-NCAM immunolabeling, determined in untreated control
rats and at 1, 2, and 3 weeks after AB,5 55 intracerebroventricular injection. The
injection of scrambled amyloid peptide (10 ug/rat i.c.v.) served as negative control
and induced no modifications in the PSA-NCAM signal. Neurogenesis was visualized
in coronal sections of the DG with Alexa Fluor 488-labeled specific antibody against
PSA-NCAM (green); the nucleus was counterstained with DAPI (blue). Scale bar =
200 pm.

brillary tangles (ABss/26_35) and in the degenerating
hippocampal CA1 neurons with intracellular neurofibril-
lary tangles (ABos_40), in AD brains, but not in age-
matched control subjects.®
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Deposits of AB,s.35 Peptide after its injection have
not yet been characterized by IHC, for lack of specific
and selective antibodies. However, Klementiev et al'®
and Chavant et al'” reported an accumulation of AB;_.o
immunolabeling in the hippocampus and cerebral cor-
tex, induced 4 and 2 weeks, respectively, after the
AB,s_gs injection. In the present study, we followed
over time the cerebral localization of AB,s 55 after in-
jection into the lateral ventricle by using an AB.s.as5-
HLF-tagged peptide. In a very short time, ABos.g5-HLF
was found throughout all ventricles and was picked up
by the ependymal cells lining these ventricles. Pro-
gressively, AP,s.as-HLF  penetrated through the
ependymal barrier and the surrounding structures and
reaches the brain vasculature. Gradually, a diffusion
gradient developed from the ventricles and/or the walls
of blood vessels to the brain regions, particularly evi-
dent in the septum, hypothalamus, hippocampus,
amygdala, the different cortical regions, and basal nu-
cleus. Of note, AB.s.g5s-HLF was still present 3 weeks
after injection, demonstrating a long-lasting presence
and an important lifespan for this fragment in brain
tissues. It seems to be particularly trapped by special-
ized glial cells at the scar induced by the injection
needle, the ventricles, the walls of blood vessels, and
certain brain structures. The peptide was present
within tanycyte cells at the hypothalamic median emi-
nence level.

The evolution over time of fluorescence in this area
could even reflect the ability of tanycytes to trap the
peptide from the third ventricle and to clear it into the
hypothalamo-pituitary portal blood system. Moreover,
in the long term, the peptide is likely absorbed by
nerve fibers and some neurons, where it seems to
accumulate. The present descriptive study, showing
that AB,s_g5 reached all brain areas examined, clearly
reinforces the idea that there is a differential response
to the toxicity, depending on the brain area. We note
that Congo Red staining failed to reveal the presence
of polarized aggregates (data not shown). The present
observation that AB,s.35-HLF resulted in a rather dif-
fuse labeling, after penetration through the ependymo-
cyte barrier and diffusion into the structure, suggests
that the peptide and/or aggregate concentration within
tissues remains relatively low, preventing its detection
under polarizing filters.

Analysis of APP processing after AB,s.55 injection
confirmed previous data obtained in mice 2 weeks
after injection.’ We observed increases in APP pro-
cessing and amyloidogenic pathway (C99 levels) in the
frontal cortex at all time points, in the amygdala after 3
weeks, and in the hippocampus mainly after 1 and 2
weeks. We therefore confirmed the AB.s 55 influence
on seeding of endogenous AB,_,04» Proteins in the
rodent brain, particularly highlighting differences over
time and among structures. These AB;_40.42 Proteins
synthesized de novo could contribute to the global
toxicity measured in this model. We plan future studies
to address this point.

A rapid inflammatory response occurred after
AB,s_gs injection. After 1 week, the peptide induced
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reactive gliosis, by up-regulation of GFAP expression,
and hypertrophic astrocytes were observed in the hip-
pocampus (present study and Ref. 13); in the present
study, hypertrophic astrocytes were observed also in
the frontal and parietal cortex, amygdala, and hypo-
thalamus. Moreover, we observed that AB,5_s5 injection
also increased Iba-1 immunoreactivity, a marker of ac-
tivated microglia, and the increase was associated
with progressive hypertrophy and hyper-ramification of
these cells.?? This phenomenon was more pronounced
in the frontal and parietal cortex and amygdala (struc-
tures that are very rapidly reached by AB.s_55) than in
the hippocampus and hypothalamus.

AB-induced toxicity was also associated with histo-
logical changes in the hippocampus. AB,s 55 injection
resulted in a moderate but significant reduction in the
granule cell number in all hippocampus areas from 1
week to 1 month after injection in rats (present study
and Refs. 9 and 10) and after 1 week in mouse.’" The
extent of cell loss was limited to a 30% to 40% de-
crease in the number of viable cells in the most vulner-
able areas, whereas a significantly greater loss was
noted in all pyramidal cell layers. The neurodegenera-
tive process thus appeared to be generalized, contrary
to what is usually observed in excitotoxic or chemical
neurotoxicity models.3*=3® This pattern is, however,
consistent with hippocampus damage observed in AD
brains.37-38

Amyloid toxicity directly affects neuronal physiology,
particularly the cholinergic system. After 8 days,
AB.s_gs injection decreased choline acetyltransferase
activity in the medial septum, cortex, and hippocam-
pus and decreased the number of choline acetyltrans-
ferase-immunoreactive cells in the medial septum.®® In
the present study, we identified the presence of the
peptide within cholinergic structures and we observed
that VAChT immunoreactivity was progressively de-
creased in the hippocampus, parietal cortex, and
basal nuclei of Meynert, but not in the hypothalamus.
The cholinergic deficits induced by AB,s 55 injection
therefore appear to be in accord with the well-charac-
terized pathological hallmarks described in AD.3738

Oxidative stress contributed to the in vivo AB-in-
duced toxicity. At 1 week after injection, ABos 55 iN-
duced significant oxidative stress in the hippocampus,
as reflected by measured increases in lipid peroxida-
tion, protein nitration, and superoxide generation."'~
13,40 In the present study, the early increases in lipid
peroxidation levels observed after peptide injection
were gradually reduced, particularly in the rat frontal
cortex and amygdala, suggesting that oxidative stress
could be alleviated by endogenous protective systems
(putatively neurotrophins, such as BDNF).

Most studies describing the apoptotic effects of am-
yloid peptides have been based on in vitro cell culture
models. They demonstrated that AB, 4, and ABos.as
induce apoptosis through caspase-dependent path-
ways.*'""*" In vivo, 1 week after AB,s.s5, @n increase in
caspase-3 activity in the hippocampus of rats® and
increases in levels of pro-caspases 9, 12, and 3 in the
hippocampus of mice'" were observed. In the present

study, we observed increases in pro- and cleaved
forms for caspase-9 (mitochondrial stress marker) and
caspase-12 (endoplasmic reticulum stress marker) in
all structures except the hypothalamus. These bio-
chemical measures confirmed that the hypothalamus is
highly resistant to AB toxicity, despite the penetration
of the peptide into the paraventricular, periventricular,
and arcuate hypothalamic nuclei and also the median
eminence of the hypothalamus. Moreover, increases in
pro-caspase-3 expression were measured in almost all
structures at any time point, but increases in cleaved
caspase-3 were measured mainly in the hippocampus
after 2 weeks and in the amygdala after 1 and 3 weeks.
Cleaved caspase-3 expression levels appeared to be
relatively limited, compared with the increased levels
of mitochondrial and endoplasmic reticulum stress
markers and pro-caspase-3.

Apoptosis induction could be more thoroughly ana-
lyzed using alternative approaches, including cyto-
chrome-c release, caspase-6 expression, or the termi-
nal deoxynucleotidyl transferase dUTP nick end-
labeling (TUNEL) method. As an alternative to
apoptosis, necrosis cell death could also be consid-
ered. In vivo, the complete elimination of apoptotic cells
prevents an inflammatory response, whereas necrosis
often results in inflammatory reactions.*® Moreover, in
cell culture models, AB.s.55 was reported to induce
apoptosis at lower concentrations (5 and 10 wmol/L)°
and necrosis at higher concentrations (20 and 40
pwmol/L).*°

Oxidative stress, apoptosis, and morphological
damage induced by amyloid peptides suggest deficits
in endogenous neuroprotective mechanisms. Among
these, BDNF is known to protect neurons against var-
ious types of brain insult. Moreover, in rat cortical neu-
ron cultures, at sublethal concentrations AB,_,, inter-
feres with BDNF signaling, thus increasing neuron
vulnerability and abrogating BDNF protection against
apoptosis induced by DNA damage or by trophic de-
privation.®® In vivo, ABi.4o and AB,s ss infusion also
triggered BDNF mRNA expression 7 days after the
start of peptide infusion.®' In the present study, spa-
tiotemporal examination of the influence of AB,s.35 ON
BDNF protein expression revealed a sustained BDNF
increase in the hippocampus and hypothalamus over
time from weeks 1 to 3. By contrast, AB,s.55 induced a
transitory BDNF increase in the frontal cortex and
amygdala 1 week after injection, followed by a de-
crease 3 weeks after injection in both structures. No-
tably, these profiles appeared to be very consistent
with those of other toxicity markers (ie, neuroinflamma-
tion, oxidative stress, and caspase induction). The sus-
tained increase in BDNF levels in the hypothalamus
was correlated with low oxidative stress, no endoplas-
mic reticulum or mitochondrial stress, and down-regu-
lation of activated caspase-3. These observations sug-
gest the existence within the hypothalamus of
protective mechanisms that could in part be related to
BDNF. In contrast, however, the caspase activation
observed after 2 weeks in the amygdala and frontal
cortex could result in part from BDNF deficits. The



expression of BDNF receptors, TrkB isoforms and p75,
and other neurotrophins, particularly nerve growth fac-
tor (NGF), must therefore be further analyzed to clarify
the involvement of trophic factors in the differential
vulnerability of brain structures to amyloid toxicity.

Because glucocorticoids act synergistically with ex-
citatory amino acids, particularly with glutamate,®2:53
chronic overstimulation could be extremely toxic, par-
ticularly in the hippocampus,®* and thus could partic-
ipate in the etiology of AD. Although no data are avail-
able on the effects of AB peptide injection on
hypothalamic-pituitary-adrenal axis activity, several
studies have demonstrated that glucocorticoids mod-
ulate APP processing,®® increase AB,_,,-induced neu-
rodegeneration in basal nuclei of Meynert,®® and in-
crease AB,s a5 toxicity in hippocampus neurons.®’
Moreover, in vivo chronic corticosterone administration
was shown to increase AB,_,, and N-methyl-D-aspar-
tate-induced neurodegeneration in cholinergic neu-
rons from the nucleus basalis in the rat.®® In the pres-
ent study, we obtained clear evidence that AB.s.ss
increased the blood concentration of corticosterone
from the first week and at least up to the third week.
Note that plasma corticosterone levels observed in
AB,s_ss-treated rats were in the same range as ob-
served in chronically stressed rats,®® which is consis-
tent with the long-term hyperactivity of the hypothalam-
ic-pituitary-adrenal axis. These findings suggest, as
postulated in AD patients, that glucocorticoids may be
an important contributor to the onset and progression
of the AD pathology.5°%°

Neurogenesis in the adult DG subfield of the hip-
pocampus occurs constitutively throughout postnatal
life, and the rate of neurogenesis within the DG can be
altered under various physiological and pathophysio-
logical conditions.®"®? Few data have been published
on the effects of AB peptide injection on hippocampus
neurogenesis. Several controversial in vitro findings
seem to be dependent on the doses and oligomer
structure of the AB peptide used.®3-%° We clearly ob-
served that AB.s 35 injection progressively impaired
the immunoreactivity of the PSA-NCAM neurogenesis
marker in hippocampus DG cells. AB,s5_55 injection de-
creased the number of newly generated and develop-
ing granule cells. The exact effect of AB,s.55 On prolif-
eration and differentiation stages could be further
investigated with adequate markers.®® Moreover, this
observation suggests in particular that the pyramidal
cell loss observed after AB,s g5 injection could have
been in part due to a deficit in neurogenesis pro-
cesses.

Remarkably, the brain structures of interest showed
a differential vulnerability to AB,s_s5 toxicity. These dif-
ferential effects observed after AB,5_5 injection seem
to be more likely due to the particular sensitivity of
each region to the toxicity, induced directly or indi-
rectly by AB,s 55, rather than to difference in the pen-
etration of the peptide within the structures. Indeed,
the peptide was present at all time points examined,
with a penetration gradient from the ventricles and
blood vessels into the deep structures. For instance,

ABos.35 Toxicity in Rats 331
AJP July 2011, Vol. 179, No. 1

the hypothalamus, rapidly and long-lastingly reached
by ABosas, IS poorly responsive with respect to
caspase expression and activation. This difference
could have several explanations.

First, no excitotoxic process associated with neural
death or apoptosis has been observed in the hypothal-
amus (in contrast to the hippocampus, for instance).
Second, neuroprotective systems, and particularly the
BDNF system, are not regulated in the same manner in
the hypothalamus as in other brain areas (for a review,
see Ref. 7). Indeed, we have reported previous stud-
ies addressing the BDNF involvement in the regulation
of the hypothalamic-pituitary-adrenal axig®3:25:28.68.69
and more recently reported that, after a chronic stress,
BDNF is a key factor involved in the regulation and
adaptive strategy of the hypothalamic-pituitary-adrenal
axis, and particularly regulates activity of hypothalamic
neurons.®® The BDNF system helps maintain adequate
reactivity, mostly under chronic stimulation, but this
could in turn weaken other brain regions and, in par-
ticular, could weaken the neuronal integrity of the hip-
pocampus. This specific regulation of BDNF level in the
hypothalamus could in part explain the relatively high
resistance of this cerebral region to amyloid toxicity.

Third, the influence of AB,s_55 0N APP processing in
the hypothalamus resulted in a transitory increase in
APP expression, not associated with an increase in
C99, suggesting an inhibition of amyloidogenic path-
ways. This regional difference in sensitivity has been
observed also in AD patients. In postmortem studies,
amyloid deposits were detected in the hypothalamus
only in late phases of AD.”° All AB plaques identified in
the hypothalamus were of the Congo Red-negative
amorphic type’""2 and were comparable to the mor-
phology of amyloid deposits observed in hippocampal
and cortical structures more precociously in AD pa-
tients,”® suggesting that different protective mecha-
nisms are involved in the hypothalamus.

Finally, other neuropeptides (eg, somatostatin or
pituitary adenylate cyclase-activating polypeptide)
and neurohormones (eg, dehydroepiandrosterone and
pregnenolone sulfates) with demonstrated neuropro-
tective action are particularly concentrated within the
hypothalamus.”*~"8 These hypothalamic neuropep-
tides and neurohormones likely contribute to the par-
ticular resistance of this structure to the amyloid to-
xicity.

In summary, AB,s.55 injection results in a massive
toxicity with biochemical and behavioral alterations,
neuroinflammation, deregulation of endogenous neu-
roprotective systems, and neurodegeneration. This
model also results in modified APP processing and in
increased pathological Tau phosphorylation through
activation of glycogen synthase kinase-38 (GSK-38)."¢
These symptomatic and pathophysiological similarities
between the AB.s.35 model and AD bring clear face
validity and construct validity to the model. The model
could therefore be particularly suitable for developing
and evaluating potential new drugs against AD and for
identifying new pathological mechanisms. Moreover,
although there is no doubt that progressive A accu-
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mulation contributes to the AD pathology and that ex-
tracellular amyloid deposits are a hallmark of AD, it is
conceivable that these deposits may be only one as-
pect of a larger pathological cascade and so may be
indirect consequences of protective responses geared
toward sequestering toxic soluble AB molecules within
plaques, from which oligomeric toxic fragments could
be released by proteolysis.”®~82 Thus, the body of data
accumulated on this animal model, together with the
evidence of AB,s_gs/40 Presence in AD patient brains,
clearly suggests that the peptide role in the evolution
and diagnosis of AD could be largely underestimated.
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